Introduction {#s0005}
============

Liver hormones play an essential role in the gut-brain link. A good example is the fibroblast growth factor-21 (FGF21); a hepatokine with a myriad of functions including central mechanisms of appetite control [@b0005] as well as insulin-sensitizing properties [@b0010]. Appetite is controlled by neural and hormonal mechanisms. The neural mechanism involves the hypothalamic arcuate nucleus, the lateral hypothalamus, and calcitonin gene-related peptide neurons located in the parabrachial nucleus [@b0015]. Gut hormones control appetite by many modulators; including ghrelin, a unique orexigenic hormone, and others [@b0020]. The β‐klotho receptors of FGF21 are present in the paraventricular nucleus of the hypothalamus and may mediate the effect of FGF21 on decreasing the appetite predilection to sweet food [@b0025]. FGF21 may be linked to the preference of specific food item intake, and possibly, to dependence; it was recently shown to reduce the preference for morphine in the mouse conditioned place preference assay [@b0030].

An interesting example of gene-environment interaction is the effect of gene polymorphisms on preference of certain types of food. The "A" allele of *FGF21* at *rs838133* is associated with higher carbohydrate intake, despite insignificant change of total calorie intake [@b0035], [@b0040], with predeliction to sugary food [@b0045]. Recently, Frayling et al. showed that the *rs838133* A allele is associated with hypertension and a high waist-hip ratio, but lower total body-fat percentage [@b0050]. The studies investigated such links in Caucasians, but no studies have investigated other ethnicities yet.

The therapeutic utility of FGF21 is being actively investigated in clinical trials for the treatment of type 2 diabetes and non-alcoholic steatohepatitis (NASH), [@b0055]. Several studies are currently testing FGF21-class molecules, including modified proteins, through phase 1 or phase 2 clinical studies [@b0060]. Information derived from human genetic investigations may be crucial to inform further drug development [@b0060].

The FGF family of proteins display a wide range of mitogenic and cell survival activities and are involved in a variety of biological processes. The *FGF21* gene is located on chromosome 19q13.33 [@b0065]. Diseases associated with *FGF21* include acquired lipodystrophy and overnutrition. Among a myriad of pathways are Ribosomal protein S6 kinase beta-1 (p70S6K) signaling and activation of cyclic adenosine monophosphate (cAMP)-dependent protein kinase A (PKA). According to "Gene Ontology" annotations, an important paralog of this gene is *FGF19*. FGF21 facilitates glucose uptake in monophthalate-treated adipocytes. It also stimulates glucose uptake in differentiated adipocytes via inducing the expression of glucose transporter 1 (GLUT1; also known as solute carrier family 2 facilitated glucose transporter member 1, SLC2A1) in presence of β‐klotho receptors [@b0070], [@b0075].

The Glutamate Ionotropic Receptor NMDA Type Subunit 2D *(GRIN2D)* gene is located close to the *FGF21* gene (19q13.33), [@b0065]. The gene encodes a subunit of the N-methyl-D-aspartate (NMDA) receptor [@b0080]. The NMDA receptors mediate afferent taste signals to cortical taste neurons in rats. In addition, they are involved in auditory, visual, and somatosensory transmission, as well as memory encoding [@b0085], [@b0090].

The UAE is one of the countries of high obesity prevalence [@b0095], with remarkable changes in lifestyle and eating habits during the last few decades [@b0100]. The current study investigates the potential effect of two single-nucleotide polymorphisms (SNPs) of the *FGF21* gene; *rs838133* and *rs838145*, on the food intake pattern in an Emirati cohort of healthy adults. We hypothesize that those SNPs are affecting food predilection.

Subjects and methods {#s0010}
====================

Subjects {#s0015}
--------

This study is a cross-sectional study of two *FGF21* SNPs is conducted across a total of 196 subjects from the Emirati population. The formula S = \[(1.96)^2^p (1 − p)\]/d^2^ was used to calculate the sample size; where 'p' is the expected prevalence in the population-based on previous/pilot studies and 'd' is the absolute error or precision (i.e. d = calculated prevalence-true prevalence). This formula considers a type I error of 5% where p \< 0.05 is considered as statistically significant.

The study included adult healthy Emirati subjects, who can consent for participation and complete the questionnaire. We excluded subject with a body mass index (BMI) of \< 16 or above 40 kg/m^2^, chronic diseases (e.g. hypertension and diabetes mellitus), or following strict dietary changes.

The study protocol was approved by the Research and Ethics Committee at the University of Sharjah (REC-15-11-P001) and all participants consented to the study's protocol. 213 healthy adult Emiratis, aging 18--73 years old, were recruited from the University of Sharjah as well as primary health care centers. Amongst these 213 subjects, 196 were selected after excluding subjects with missing data or who provide extreme values for food intake. Two milliliters of saliva (phlegm-free) were collected from the subjects after abstaining from eating for 30 min. The samples were preserved for a maximum of 7 days at −20 °C for DNA extraction, performed using QIAamp extraction kit (cat\# 51306).

Anthropometry {#s0020}
-------------

Using tandardized techniques and calibrated equipments were used to the anthropometric parameters were measured for all participants: (1) weight (to the nearest 0.1 kg in light indoor clothing) and (2) height (to the nearest 0.5 cm using a stadiometer)). The BMI, calculated using the equation BMI = weight/height^2^ (kg/m^2^), was categorized as per the classification of the WHO[@b0105]

Dietary survey {#s0025}
--------------

A sixty-one-item FFQ was used to assess dietary intake over the past year [@b0110]. The subjects were asked to report the frequency of consumption of a list of commonly consumed food items and beverages in UAE. A standard portion and a reference portion was identified for each food item, using a visual aid as previously described [@b0115]. The reported frequencies were converted to daily portion intake from which consumption was calculated by NUTRITIONIST PRO^TM^ diet analysis software (Axxya Systems LLC., USA, version 5.1.0, 2014, First Fata Bank, Nutritionist Pro, San Bruno, CA).

Genotyping {#s0030}
----------

Genotyping for chromosome 19 (19q13.33) *FGF21 rs838145* (A \> G) and *rs838133* (A \> G) was performed as described in our previous study [@b0115]. The genotyping was conducted using the TaqMan® DMGAssay (Applied Biosystems, USA) and Real-Time PCR StepOne Systems (Thermo Fischer Scientific, USA). [Box 1](#tb1){ref-type="boxed-text"} shows the context sequence for both SNPs. Each sequence is aligned to the FGF21 gene and the position of each SNP is visualized through the "Variation Viewer" from UCSC ([Supplementary Fig. S1 -A&B](#s0110){ref-type="sec"}). The location of each SNP is mapped on chromosome 19 (S1-C). The wild type allele binds to VIC, whereas mutant allele binds to FAM. The genotyping data were used to calculate the Chi-square p-value for the HWE and the distribution of haplotypes and alleles of interest [@b0120].Box 1Context Sequence of FGF21 rs838145 (A\>G) and rs838133 (A\>G).NCBI SNP reference.Context sequence.rs838145.ATTGCCAGCCGAGGATAGGGAAAAC\[A/G\]GTATTTACTAGCCTCGGGGAACCTC.rs838133.ACGAGACCGGGTTCGAGCACTCAGG\[A/G\]CTGTGGGTTTCTGTGCTGGCTGGTC.

Statistical analysis {#s0035}
--------------------

Frequencies (number of cases) and percentages were used as appropriate. We described data in terms of mean ± standard deviation (SD) when normally distributed. Categorical data were compared using Chi-square (X^2^). A Shapiro-Wilk's test (p \< 0.05), and a visual inspection of histograms, Q-Q plots showed that the body mass index (BMI) was non-parametric for both males and females. There was a skewness of 0.68 (SE = 0.23) and a kurtosis of 0.314 (SE = 0.46) for females and a skewness of 1.02 (SE = 0.26) and kurtosis of 1.89 (SE = 0.51) for males [@b0125], with z- value for all \> 1.96, mandating the use of non-parametric statistical tests [@b0130].

In addition, we performed the same tests for Caloric intake, total protein, carbohydrate and fat intake as dependent variables, genotypes and age groups as independent variables. All data were not normally distributed. We expressed our data by "median" and "mean rank", using non-parametric tests to determine significance; Mann Witney *U* test when comparing 2 groups and Kruskal Wallis if\>2 groups are compared, with significance set at a p-value of ≤ 0.05. We calculated the effect size by deriving "r" from the equation r = z/ √N, where N is the total sample size; r = 0.1 is small, r = 0.3 is medium and r = 0.5 is large effect [@b0135].

All statistical calculations were done using computer program SPSS (Statistical Package for the Social Science; SPSS Inc., Chicago, IL, USA\] version 26 for Microsoft Windows.

Multivariate analysis was carried out using in house R script that implements two-way unsupervised hierarchical clustering [@b0140] used to examine the association of the two *FGF21* SNPs; *rs838145* and *rs838133* with other SNPs reported to be in linkage disequilibrium in different subpopulations. The results were visualized using heatmaps.

Results {#s0040}
=======

Subject characteristics {#s0045}
-----------------------

A sample of 196 Emiratis was recruited (mean age 30.34 ± 9.75, Median 29.00, range 18--73 years, 44.4% males). The mean BMI of the population was 26.95 ± 6.42 kg/m^2^, median 26.32 indicating overweight. Male participants had a non-significant higher BMI than females (mean 27.58 and 26.44 kg/m^2^, median respectively, p = 0.28). [Table 1](#t0005){ref-type="table"} shows further baseline characteristics of the study group. The BMI positively correlated with age (p = 0.002, Pearson correlation = 0.22, but R^2^ linear = 0.04), but not with total caloric intake. The BMI did not differ according to the genotype of both SNPs.Table 1Participant characteristics.\[Median/number(%)\](Mean ± SD)Age (years)2930.3 ± 9.8GenderMale\
Female87 (44%)\
109 (55.6%)Total caloric intake (Kcal)3228.93483.3 ± 1186.0Total carbohydrate intake (g/d)390.8405.7 ± 149.7Total protein intake (g/d)144.5155.2 ± 63.1Total fat intake (g/d)118.7131.2 ± 62.4Total mono-unsaturated fat intake (g/d)45.752.7 ± 26.9Total sodium intake (g/d)3561.03450.1 ± 1344.1BMI (Kg/m^2^)26.327 ± 6.4FGF21 rs838145A/G79 (40.3%)X^2^ = 0.047\
p-value = 0.83\
MAF = 0.27G/G14 (7.1%)A/A103 (52.6%)FGF21 rs838133A/G72 (36.7%)X^2^ = 2.7\
p-value = 0.09\
MAF = 0.3G/G102 (52.0%)A/A22 (11.2%)[^1]

Both SNPs were in Hardy-Weinberg equilibrium ([Table 1](#t0005){ref-type="table"}). Twelve subjects carried homozygous the minor variant of both SNPs. Vitamin D intake is far below recommended.

Effect of genotype on food intake: {#s0050}
----------------------------------

Sodium intake was significantly higher in subjects homozygous for minor alleles of both SNPs *(A: rs838133)* and *(G:rs838145),* ([Table 2](#t0010){ref-type="table"}). Males homozygous for the minor G allele of rs838145 showed a significantly higher intake of total sodium (p = 0.021), whereas females with the same genotype had a higher intake of vitamin D (p = 0.015), ([Table 3](#t0015){ref-type="table"}). Compared to other genotypes, females homozygous for minor *A* allele of *rs838133* had a significantly higher intake of vitamin D. This effect was not observed in males. Sodium intake positively correlated with the intake of vegetables and fruits in *rs838133* genotypes other than the homozygous *(G:rs838145),* (p \< 0.001, Pearson\'s = 0.550\*\*). Similarly, sodium intake positively correlated with the intake of vegetables and fruits in *rs838145* genotypes other than the homozygous *(A:rs838133),* (p \< 0.001, Pearson\'s = 0.682\*\*). We explored the potential effect of co-occurrence of homozygous for *(A: rs838133)* and *(G:rs838145).* In subjects homozygous for *(A: rs838133),* the presence of homozygous minor allele *(G:rs838145),* is significantly associated with high salt intake, but not in other genotypes of *rs838133* ([Fig. 2](#f0010){ref-type="fig"}).Table 2The effect of FGF21 rs838145 and rs838133 genotypes on nutrient intake.Food category Intake (Median, Mean Rank)FGF21 rs838145Up-value (two-tailed)ZEffect size (r)FGF21 rs838133Up-value (two-tailed)zEffect size (r)G/G (n = 14)Others (n = 182)A/A (n = 22)Others (n = 174)Caloric intake (Kcal)3411.8, 50.73219.2, 46.4501.50.58−0.5503584.3, 112.43200.4, 96.716080.22−1.22−0.1Carbohydrate (g/d)444.6, 52.8389.2, 464720.38−0.87−0.1466.1, 118.8381.6, 95.914670.08−1.78−0.1Protein (g/d)149.5, 47.9144.3, 46.95410.89−0.130157.1, 105.8143.5, 97.617530.52−0.640Fat (g/d)111.6, 51.4121.1, 46.24910.51−0.670111.2, 95.9122, 98.818560.82−0.230Mono-unsaturated fat (g/d)44.3, 5246.2, 46.14830.45−0.75−0.139.4, 91.647.7, 99.417610.54−0.610Vitamin D (IU/d)171.2, 57.7146.4, 45.14030.11−1.61−0.1160, 111.5147.6, 96.916290.26−1.14−0.1Calcium (mg/d)1,844, 56.41,560, 45.34210.16−1.42−0.11,844, 112.71560, 96.716020.21−1.25−0.1Potassium(mg/d)1,085, 42.51,216, 47.84900.49−0.6801,224, 99.612128.5, 98.418910.93−0.090Sodium (mg/d)4,371, 63.63,529, 44.13200.01\*−2.50**−0.2**3,895, 123.23,475, 95.413710.03\*−2.17**−0.2**Added sugar521.5, 116.9349, 97.11016.50.21−1.26−0.1486.8, 114.1347.7, 96.515720.17−1.36−0.1Total Fruits and vegetables (g/d)722.5, 125.5451.6, 96.48960.03\*−2.16**−0.2**642.6, 125444.4, 95.213400.02\*−2.29**−0.2**High Fiber food (g/d)1003.9, 142.9669.2, 95.16530.002\*−3.040.2820.3, 117.1679, 96.215060.10−1.63−0.1[^2]Table 3Gender differences in nutrient intake.Food category Intake (Median, Mean Rank)Female (Median, Mean Rank, n = 109)Male (Median, Mean Rank, n = 87)Up-value (two-tailed)zEffect size (r)Caloric intake (Kcal)3063.7, 883418.3, 111.635980.004\*−2.89**−0.2**Carbohydrate (g/d)364.9, 90.2406.1, 108.938410.022\*−2.28**−0.2**Protein (g/d)129.2, 85.3156.7, 115.13302\<0.001\*−3.65**−0.3**Fat (g/d)107.7, 91.3134, 107.539600.048\*−1.98−0.1Mono-unsaturated fat intake (g/d)41.3, 91.453.5, 107.439700.051−1.96−0.1Vitamin D (IU/d)141.2, 93.4162.4, 104.941810.155−1.42−0.1Calcium (mg/d)1529, 92.51785, 10640870.097−1.66−0.1Potassium(mg/d)1183, 92.31,255, 106.340670.087−1.71−0.1Sodium (mg/d)3470, 94.23,652, 103.942680.230−1.20−0.1Added sugar(g/d)347.4, 96.8366, 100.745510.629−0.480.0Total Fruits and vegetables(g/d)401, 91502, 1083918.50.015\*−2.44**−0.2**High Fiber food(g/d)648.9, 90.8757.9, 108.139.20.033\*−2.13**−0.2**[^3]

Vitamin C intake was significantly higher in the homozygous minor allele of both SNPs. Vitamin A intake was significantly higher in subjects with *AA* genotype of *rs838133*. Compared to other genotypes, females homozygous for minor *A* allele of *rs838133* had a significantly higher intake of carbohydrates, vitamin C, vitamin D, vitamin B1, B2, and B6. The age group I with the homozygous minor variant of either SNP had significantly higher vitamin B1, B2, B6, and selenium intake compared to genotypes. In addition, homozygous *A: rs838133* had also significantly higher vitamin C and vitamin D intake. Zinc intake significantly decreased with age (p = 0.01, Pearson's = −0.237\*\*, R^2^ linear = 0.056). Further results are presented in [Supplementary material (Table S1--S4)](#s0110){ref-type="sec"}.

Effect of gender and age on food intake {#s0055}
---------------------------------------

The caloric and macronutrient intake was significantly higher in males compared with females ([Table 3](#t0015){ref-type="table"}). The caloric and carbohydrate intake negatively correlated with age, despite the increase in BMI (total caloric intake; p = 0.01, Pearson\'s = -0.184\* and carbohydrate; p = 0.006, Pearson\'s = -0.194\*\*). However, the correlation was week R2 linear = 0.034 and 0.0.38 respectively. Sodium intake did not differ with age. The recruited subjects were subdivided into 3 age groups; group-I aged 18--24, group-II 25--34, group-III ≥ 35 years. Total sugar intake was significantly lower in the age group-III compared to the other 2 groups (p = 0.005 by non-parametric Kruskal Wallis test). The effect was more prominent in females (p = 0.046) than in males (p = 0.08). Further results are available in [Supplementary material (Table S5)](#s0110){ref-type="sec"}.

Carbohydrate intake significantly correlated with sweet intake in males and females (Pearson correlation 0.315, 0.361, p = 0.013& 0.001, respectively) at all age groups. However, the correlation is weak (R^2^ is below 0.2 in all). Group I with the homozygous minor variant of either SNP had significantly higher total caloric and carbohydrate intake. In addition, homozygous *A: rs838133* had also significantly higher vitamin D intake. The intake of some micronutrients (iron, zinc, and selenium) was significantly higher in males.

Added Sugar, high-fiber diet, vegetables, and fruits {#s0060}
----------------------------------------------------

Intake of added sugars negatively correlated with age (p = 0.004, Pearson = -0.20, but R^2^ = 0.04), with a significant difference among age groups ([Fig. 1](#f0005){ref-type="fig"}). There was no difference in the added sugar intake according to gender or genotypes of both SNPs. The high-fiber diet was higher in males (p = 0.33). It was also higher in subjects homozygous for *G: rs838145* compared to others (p = 0.002), but not in homozygous *A: rs838133*. Fiber intake showed a trend to increase with age ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}). Subjects with homozygous *A: rs838133* had a significantly higher intake of fruits and vegetables compared with other genotypes (p = 0.022). Similarly, subjects homozygous for the minor *G* allele of *rs838145* had higher fruit and vegetable intake (p = 0.009).Fig. 1Daily intake of added sugar and high-fiber diet according to the age group. The recruited subjects (n = 196) were subdivided into 3 age groups; group-I aged 18--24 (n = 71), group-II 25--34 (n = 57), group-III ≥ 35 years (n = 68). There was a signficiant difference in added sugar among the three age groups (p = 0.003) by Kruskal Wallis test. High fiber intake showed non-significant increase with age (p = 0.15).Fig. 2Interaction of FGF21 rs838133 and rs838145 on sodium intake. In the group of subjects homozygous for A allele (risk allele) in rs838133, there is an additive effect of rs838145 risk allele G (A). This was not noticed in other FGF21 rs838133 genotypes (B). The two groups were compared using Mann Witney U non-parametric test. There were 12 subjects homozygous for both minor alleles.

Correlation of sodium intake with different food items {#s0065}
------------------------------------------------------

The salt-rich food items were further analyzed for a significant correlation to total sodium intake according to age and sex. The participants aged between 18 and 24 had a significantly strong correlation between sodium and salad seasoning intake (p = 0.001, r = 0.828). While it was significant but weakly correlated with cheese, falafel, pizza, roasted and salted nuts, and white bread. Similarly, frequent consumption of salad dressing was highly correlated with the high sodium intake of participants aged 24--35 (p = 0.001, r = 865) and participants whose age \> 35 years old (p = 0.001, r = 0.818) and weekly correlated with cheese, falafel, pizza, labneh luncheon meat, and cheese pie. Sodium intake was highly significant and strongly correlated with salad seasoning among females and males (p = 0.001, r = 0.855; p = 0.001, r = 0.786). Moreover, females\' consumption of falafel, shawarma, pizza, roasted and salted nuts, labneh, bread, fried potatoes was significant but weakly correlated with total sodium intake. Among males, cheese, falafel, pizza, luncheon meat, bread and manakeesh (thyme and cheese) consumption was significant but weakly correlated with total sodium intake.

Analysis of linkage disequilibrium in subpopulations: {#s0070}
-----------------------------------------------------

Analysis of linkage disequilibrium was carried out using publicly available data through the 1000 genome project (HG19 build). All SNPs with r^2^ ≥ 0.05 were extracted, using a phyton script, for each of the two *FGF21* SNPs; *rs838145* and *rs838133;* r^2^ is the correlation between a pair of loci. An r^2^ value of 0 indicates that the two loci are in complete linkage equilibrium and a value of 1 denotes the two loci are in complete linkage disequilibrium and coinherited The prevalence of the two *FGF21* SNPs was compiled ([Supplementary Table S6, S7](#s0110){ref-type="sec"}). Both fall within a region transmitted in Iberians (n = 107) which represents a Caucasian subpopulation, but very far from Chinese as shown in [Fig. 3](#f0015){ref-type="fig"}. Interestingly, we included five South Asian subpopulations as they are geographically close to the Emirati population [@b9000]. [https://pubmed.ncbi.nlm.nih.gov/31604968/?from_term=al+safar+h&from_sort=date&from_pos=2](https://pubmed.ncbi.nlm.nih.gov/31604968/%3ffrom_term%3dal%2bsafar%2bh%26from_sort%3ddate%26from_pos%3d2){#ir005}. The Utah residents of European ancestry were added for comparison. The coverage/depth was chosen to be by around x40 for *rs838133* and x30 for *rs838145* using the Genome Aggregation Database (gnomAD) \[<http://gnomad.broadinstitute.org/>\].Fig. 3Unsupervised hierarchical clustering and heatmaps of the identified SNPs in linkage disequilibrium with FGF21 rs838133 and rs838145 (columns) across different subpopulations (columns). Cells are color-coded according to the log10 of p-value, which tests the enrichment/depletion of an effect allele in a population, compared with the average of all. The red color represents allele enrichment, and the blue represents allele depletion. Cluster dendrograms are added as [supplementary figures](#s0110){ref-type="sec"}. (A) Heatmap of FGF21 rs838133 and SNPs in linkage disequilibrium (B) Heatmap of FGF21 rs838145 and SNPs in linkage disequilibrium. CEU: Utah Residents (CEPH) with Northern and Western European Ancestry (n = 99) CHS: Southern Han Chinese (n = 105) CHB: Han Chinese in Bijing, China (n = 103), BEB: Bengali from Bangladesh (n = 86), IBS: Iberian Population in Spain (n = 107), ITU: Indian Telugu from the UK (n = 102), STU: Sri Lankan Tamil from the UK (n = 102), PJL: Punjabi from Lahore, Pakistan (n = 96), GIH: Gujarati Indian from Houston, Texas (n = 103). No data were available on CHS data for rs838145 in the 1000Genome database.

Thirty-six loci were in LD with *rs838145*, and 29 with *rs838133*. As expected, apart from a few SNPs (7/36 in LD with rs838145), Iberians (IBS) and Utah residents (CEU) subpopulations showed similar allele enrichment/ depletion patterns. Similarly, the south Asian subpopulations show similar patterns (within the same continental group). However, Han Chinese (CHB and CHS) showed a distinguished allele enrichment/depletion patterns closer to the Asians. In addition, Punjabi in Lahore, Pakistan (PJL) showed a pattern closer to the CEU that to south Asians. All alleles in the 1000 Genomes Project were reported on the forward strand [Fig. 3](#f0015){ref-type="fig"}, [Supplementary Fig. S2](#f0035){ref-type="graphic"}, [Supplementary Fig. S2](#f0040){ref-type="graphic"}). Analysing the allele frequency for both alleles show relative closeness between different populations for the two alleles; rs838145 and rs838133 showed allele frequency of around 0.4 and 0.5 for IBS, CEU and other European populations, respectively.

Discussion {#s0075}
==========

The current study explored the effect of *FGF21* gene variants on food predilection in the Emirati population. The most striking finding in our study is the significant increase in sodium intake in subjects homozygous for minor alleles of both *FGF21* SNPs (regardless of age and gender), whereas those genotypes were previously linked to the sweet tooth in Caucasians [@b0045]. We showed an interaction between the two SNPs with significantly increased salt intake in subjects homozygous for the minor allele of both. Interestingly, a recent GWAS showed the rs838133 as the strongest locus for urinary sodium [@b0145]. We assume that this SNP is linked to an adaptive mechanism regulating the sodium balance. High salt intake, in addition to its effect on blood pressure, is also an independent risk factor for other cardiovascular and kidney diseases [@b0145]. A marked association also exists between high salt intake, obesity and asthma, osteoporosis, and stomach cancer. At the cellular and molecular levels, high sodium intake leads to hypertrophy of vascular smooth muscles, increases oxidative stress, and reduces nitric oxide, decreases aortic hyaluronan content and large artery compliance [@b0150]. High salt intake also contributes to resistance to antihypertensive therapy. Interestingly, adult sodium intake exceeds physiological needs worldwide, particularly in Asian countries [@b0155].

In our study, The BMI did not differ according to the genotype of both SNPs. This is in contrast to Frayling's study that showed a correlation between A allele of FGF 21 rs838133 and total body fat [@b0050]. Noteworthy, added sugar was not increased in the minor alleles of both SNPs in contrast to a previous study in Caucasians [@b0045], denoting a significant ethnic variability in food predilection as a result of gene-environmentt interaction. Importantly, vitamin D intake is far lower than the recommended 400--800 IU/d, with even lower intake in females than males.

Recent studies have shown that FGF21 affects the balance of consumed macronutrients and results in variations in nutritional status [@b0160]. In the current study, there was no difference in macronutrient intake among the two *FGF21* SNP's. However, it was noted that participants consumed high fiber intake as evident by increase intake of fruits and vegetables. A high-fiber diet is one factor that has received considerable attention in obesity prevention, with some studies reporting that increasing dietary fiber can reduce weight gain and obesity [@b0165]. In our study, males consumed more high-fiber diet as compared to females among subjects homozygous for *G: rs838145* compared to others. It was noted that subjects with homozygous *A: rs838133* and homozygous for the minor G allele of *rs838145* had a significantly higher intake of fruits and vegetables compared with other genotypes. So, targeting diet composition is one potential approach for decreasing bodyweight since certain foods, such as fiber‐rich vegetables, promote health by increasing satiety and replacing energy‐dense food options.

Considering the possible link to NMDA receptor encoding gene *GRIN2D* [@b0065]; the *FGF21* gene may be implicated in neurally-mediated predilection to certain food items. In addition, FGF21 receptors in the paraventricular nucleus of the hypothalamus are other possible mediators of the FGF21 effect on appetite [@b0025]. However, the effect on appetite differs according to ethnicity and is directed towards the most required food item according to the diverse environmental factors (sweet or high caloric food in Caucasians versus salty food in hot countries, where high sodium loss may prevail). At the level of taste buds, the sodium/glucose cotransporter 1 (SGLT1) may provide a plausible explanation of the paradox. the SGLT1 transports glucose into sweet-sensing taste buds, leading to membrane depolarization through blocking ATP-inhibited K^+^ channels. The involvement of sodium-dependent transporter (SGLT1) may also explain the potentiation of sweet taste by sodium salts [@b0160]

Multivariate analysis using two-way unsupervised hierarchical clustering showed that the prevalence of the two *FGF21* SNPs *rs838145* and *rs838133* in our Emirati cohort is close to the European subpopulations, but far from the Chinese population.

We explored the SNPs in LD with the *FGF21 (A: rs838133)* and *(G:rs838145)* in five South Asians, Iberians, Utah residents of European ancestry and Han Chinese. A hierarchical model was used to assess if the SNP was significantly enriched or depleted in each of the 7 populations compared with the overall average. The p-values were then used to generate an enrichment/depletion heatmap ([Fig. 3](#f0015){ref-type="fig"}). The SNPs of the Caucasian subpopulations are markedly distinguished from the South Asians and are closer to Iberians forming strong cluster that is independent of the other populations. The Chinese have another cluster pattern.

Based on the previous studies relating *(A: rs838133)* and *(G:rs838145)* to sweet intake [@b0045] and our results that link both to sodium intake in the Emirati population, we speculate that genetic variant frequency in a given population may determine the food predilection, and at least in part, shape the food culture and its diversity all over the world. This may highlight the fact that the "cultural" difference in food predilection may be dictated, at least in part, by genomics.

Analysis of data derived from the 1000 genome project showed Linkage disequilibrium (LD) of *FGF21 rs838133* with several SNPs in the Izumo Sperm-Egg Fusion 1 (*IZUMO1*) and Fucosyltransferase 1 (*FUT1*) genes. Similarly, LD analysis of *rs838145* showed LD with several SNPs in Ras Interacting Protein 1 (*RASIP1*) and *IZUMO1* genes. *FUT1* (H blood group) gene encodes a Golgi stack membrane protein, involved in the formation of the H antigen, and mutations lead to the H-Bombay blood group. Associated diseases include Bombay Phenotype (autosomal recessive; related to tetralogy of Fallot and endocardial fibroelastosis) and Chronic Purulent Otitis Media [@b0065]. The *IZUMO1* is essential for sperm-egg plasma membrane binding and fusion. Associated diseases include normal-tension glaucoma and Hajdu-Cheney Syndrome (acroosteolysis with skeletal changes and distinctive facial features and potential spine fractures), [@b0165]. *RASIP1* is required for the proper formation of vascular structures and angiogenesis. It is a negative regulator of amino acid starvation-induced autophagy. *RASIP1* may be associated with enamel Erosion of teeth [@b0170].

All ethnic groups at all ages and of both genders are at an increasing prevalence of obesity. Aging is linked to increased abdominal adiposity and skeletal muscle fat deposition. Lifestyle changes in older adults may cause a long-term positive energy balance state. Interestingly, shorter telomeres have been associated with increased BMI and waist to hip ratio and accumulation of excess visceral fat [@b0175].In our study, intake of added sugars has a significant negative correlation with age, whereas the high-fiber diet positively, but non-significantly, correlated with age.

Gender differences have been reported for dietary intakes in this study. This sex difference has been observed in all populations although its magnitude is influenced by ethnic, genetic, and environmental factors. In the current study, males had significantly higher total daily caloric and protein intake than females. Men usually need more calories and have higher energy intake than women due to different body composition. Men have more muscle mass as compared to women. Similarly, in other studies, men reported higher energy intake as compared to women consequently there was an increased intake of macronutrients [@b0180]. The impact of the dietary intake on metabolic variables measured can be influenced by sex-related factors such as sex hormones [@b0185]. In our study, females homozygous for minor A allele of *rs838133* had a significantly higher intake of vitamin D. A few studies explored the association between different SNPs and vitamin D and calcium levels in the blood. Zhang et al screened 15 key genes in the vitamin D metabolic pathway. The results highlighted several SNPs that might contribute to variability in the serum 25(OH)D levels in a healthy Chinese population [@b0190].

There may be fluctuations in the expression of certain genes related to immune and/or inflammatory response according to the menstrual cycle phases [@b0195]. Previous studies have noticed major differences in gene expression profiles between men and women [@b0200].

The genetic variants of *FGF21* are likely associated with ethnic-dependent food predilection. Up to our knowledge, only the link to the sweet tooth was studied in Caucasians. In view of the well recognized "food culture" diversity across different ethnicities, studies are required to further investigate gene-environment interaction effect on food predilection.

Conclusion {#s0080}
==========

The current study investigated the role of two *FGF21* gene polymorphisms; *rs838133 and rs838145* in defining preferences to certain types of food. The minor alleles of both studied *FGF21* variants are associated with high salt intake in the Emirati population. Through the bioinformatics analysis, a potential effect of those SNPs on the diet and taste in different populations can be speculated. Linkage disequilibrium analysis showed *FGF21* SNPs diversity amongst subpopulations. In addition, our study emphasizes that the interpretation of genotype-phenotype correlations may vary significantly according to ethnicity.
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The following are the Supplementary data to this article:Supplementary Fig. S1Alignment of the sequence used for genotyping on the FGF21 gene. (A) The sequence used for genotyping the samples fro FGF21 *rs838145* is marked (marker 1 and 2), the FGF21 *rs838145* G/A SNP location is shown. The SNP is located close to the Izumo sperm-egg fusion 1 (IZUMO1) protein-coding region. (B) The sequence used for genotyping for the FGF21 *rs838133* is marked (marker 3 and 4), the FGF21 *rs838133* A/G SNP location is shown. The SNP is located on exon 2 of the FGF-21 gene. (C) Mapping of the FGF21 *rs838145* and *rs838133* location on chromosome 19.
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Supplementary Fig. S2Dendrograms of the heatmap of the identified SNPs in linkage disequilibrium with *FGF21* rs838133 and rs838145 showing subpopulation clusters.
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[^1]: 196 subjects were genotyped for both FGF21 SNPs, BMI = body mass index, MAF = minor allele frequency, X^2^ = Chi-square.

[^2]: Mann Witney *U* test was used to compare subjects homozygous for minor allele versus other genotypes. The effect size "r" was derived from the equation r = z/ √N, where N is the total sample size (=196); r = 0.1 is small, r = 0.3 is medium and r = 0.5 is large effect. Vitamin D was calculated in mcg (as per the food frequency questionnaire) then in IU (1 IU = 0.025 mcg). \*P \< 0.05.

[^3]: Mann Witney *U* test was used to compare male and female subjects. The effect size "r" was derived from the equation r = z/ √N, where N is the total sample size (=196); r = 0.1 is small, r = 0.3 is medium and r = 0.5 is large effect. Vitamin D was calculated in mcg (as per the food frequency questionnaire) then in IU (1 IU = 0.025 mcg). \*P \< 0.05.
